This letter reports observation of ablated holes as small as 0.7 m fabricated by single 25 ns pulses of KrF (ϭ248 nm) laser focused onto a 5.6 m spot. Samples with high thermal conductivity films with respect to that of the substrate ͑Si/silica, Al/glass͒ repeatedly showed considerable reduction in the size of the ablated spot ͑0.7-and 1.2-m-diam holes, respectively͒. This letter also presents a likely mechanism of the observed super-resolution and the criteria necessary to achieve super-resolution. Due to the nonoptical origin of this effect it is expected that a tightly focused ͑Ͻ0.5 m͒ laser beam can be used to ablate with nanoscale ͑Ͻ100 nm͒ resolution. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1688995͔
Excimer laser-based UV ablation is a well-developed technique for microfabrication. It has many applications in science and manufacturing technology and can be used to machine a wide range of materials without a need for a sacrificial layer. Current state-of-the-art ablation technology provides reproducible fabrication of sub-micrometer size spots, but it requires femtosecond-pulse lasers 1,2 and/or cumbersome exposure schemes. 3 Previous work with excimer laser ablation systems has shown 4, 5 that micron-sized features can be obtained by polymer oblation. We prove by our experiments that the resolution of ablation may be considerably improved to be better then the far field optical resolution limit of the exposure system in high thermal conductivity films.
For the purposes of this letter several terms have been used in a slightly different manner than their typical definitions. First, we use the term ''resolution of ablation'' as the minimal diameter of the ablated spot, which might be different from the laser spot size as determined by the resolution of the focusing system. Second, ''ablation threshold'' is used to define the fluence at which a cavity first begins to form.
We have studied laser ablation of Si/silica, Al/glass, and TiO 2 -SiO 2 /glass thin films by ϭ25-ns-long pulses of an excimer KrF laser ͑Lambda Physik LPX 205͒ emitting at a wavelength of ϭ248 nm. The beam delivery system is similar to one described by Rothschild and Ehrlich. 6 It includes an attenuator, a homogenizer, a pin-hole with diameters ranging from 50 to 550 m, and an objective lens with numerical aperture of NAϭ0.12. The pin-hole serves as an ablation mask. It is imaged by the objective lens onto the surface of the film to be ablated. The optical resolution of the objective lens was found to be 1.6 m. The demagnification factor of the imaging system was measured to be 8.9. Consequently, the smallest geometrical spot size at the sample was dϭ5.6 m. Taking into account the uniform intensity distribution in the pin-hole area produced by the homogenizer, the above-described beam delivery system is expected to produce rather uniform intensity distribution on the studied samples.
The Si/silica sample was a commercially acquired SOI ͑silicon-on-insulator͒ wafer with a 200-nm-thick monocrystalline silicon layer bonded to a fused silica substrate. The Al/glass sample was fabricated by dc magnetron sputtering. It contained a mirror-quality 200-nm-thick aluminum layer deposited on a standard microscope glass slide. The TiO 2 -SiO 2 /glass sample was fabricated by rf magnetron sputtering system with dual source. 7 The refractive index and the thickness were determined to be 1.866 and 356 nm, respectively. Assuming refractive index of titania 8 to be 2.21 and linear dependence of the refractive index versus composition, we estimated the TiO 2 -SiO 2 ratio to be 55/45.
Ablation experiments on the Si/silica and Al/glass samples resulted in a drastic reduction of the ablated spot size. The results that we report here were obtained at fluences of 10%-20% above the ablation threshold for single laser pulses. On silicon, we repeatedly observed holes as small as 0.7 m when using laser pulses with fluence of 2.5 J/cm 2 imaged onto a 5.6 m spot. On aluminum, the minimal observed hole was 1.2 m in diameter. The stability of laser pulses was measured to be within Ϯ5%. In the case of larger spot sizes, there was practically no reduction of the ablated spot compared to the irradiated spot regardless of the energy of laser pulses: if the ablation takes place, the entire spot is ablated. In the ablation of TiO 2 -SiO 2 /glass films, when the fluence was above the ablation threshold, 9 the ablated spot diameter was always close to the size of the focal spot. The normalized ablated spot size as a function of the optical image size is shown in Fig. 1 . The optical image size of about 11 m is a clear divide between the ablation regimes when the shrinkage of the ablated spot is possible and not possible. The hole size was measured using a conventional bright field optical microscope for the holes larger than 11 m. An atomic force microscope ͑AFM͒ in contact mode was used to measure the smaller holes. In the case of AFM measurements, we defined the hole diameter as the hole diameter at the initial film surface.
Beyond the formation of holes smaller than the irradi- ated spot, there is evidence of other physical phenomena involved. The profiles show oscillations rising above the original position of the top surface of the film. The oscillations are especially clear on the silicon film. This may be a sign of movement of melted silicon from/to the center of the spot. 10 When the energy density is not enough for formation of a hole, a sharp spike is formed at the center of the irradiated spot. The radial profile is most likely to result from the radial temperature gradient, but does not have to follow the temperature distribution. Both the small hole and sharp spike formation would be hardly possible if the entire irradiated spot is heated uniformly. Detailed discussion of the spike formation mechanism will be published elsewhere, while this letter is specifically focused on formation of holes, which may be much smaller than the size of the laser beam on the film.
Because the ablated spot size is up to eight times smaller than the irradiated spot, this phenomenon cannot be attributed only to optical effects. Therefore the mechanism and the dynamics of how the absorbed energy is dissipated in the sample should be accounted for. The first crucial observation is that the reduction of the hole size is only possible when the focal spot is small enough. Second, the reduction is significant for films with high thermal conductivity ͑silicon and aluminum͒, and it is negligible for a low conductivity dielectric film ͑titania-silica͒. A characteristic dimension arising directly from the material properties would be the thermal diffusion length. To determine the diffusion length we used previously measured thermal properties of Al and Si 11 and used linear extrapolation of data for Corning ULE 7971 ͑7.5% TiO 2 , 92.5% SiO 2 ) ultralow expansion glass 12 and thermal properties of pure fused silica to obtain said values for TiO 2 -SiO 2 ͑55/45͒. The diffusion length ͱ f at the time scale of pulse duration ϭ25 ns is 1.51, 1.38, and 0.103 m for Al, Si, and TiO 2 -SiO 2 respectively, where f is the thermal diffusivity of the film. These numbers are estimated using room-temperature thermal diffusivity coefficients and may be different at higher temperature.
Because the thermal diffusion length along TiO 2 -SiO 2 film is always small compared to the focal spot size, there is no reduction of the ablated spot whatsoever. In the case of Al and Si films, when the thermal diffusion length is comparable to the radius of the focal spot, one may expect that the heat could propagate mainly in the film plane resulting in considerable cooling of the spot edges with the central area remaining hot. Such radial temperature gradient may eventually lead to ablation taking place predominantly in the center of the spot. These considerations can be summarized in a simple condition for the superresolution: ͱ f ϳd/2. In other words, a dimensionless parameter such as
must be of the order of unity for one to observe superresolution. The factor of 2 appears in Eq. ͑1͒ because heat propagates in all directions away from the center of the irradiated spot. The above-noted condition is also the main reason why, first, the focal spot needs to be small and, second, only materials with high thermal conductivity would facilitate superresolution. Apparently, there are no reports on the reduction of the ablated spot on bulk Si or Al. The thin film geometry seems to be important. The two-dimensional heat propagation pattern would require the thermal equilibrium in the thickness of the film to be reached quickly within the pulse duration:
must be much greater than unity for the two-dimensional ͑2D͒ system. As can be seen in Table I , this condition is satisfied for Si and Al films, and violated for TiO 2 -SiO 2 film. Moreover, if the origin of the above-discussed radial temperature gradient is the heat transfer within the plane of the film, thermal conductivity to the substrate must be negligibly small. In other words, the heat propagation pattern has to be substantially two-dimensional. Assuming the thermal diffusivity coefficient of the substrate to be s , we estimate the heat flow in the film and to the substrate to be proportional to the areas through which the heat propagates: The dimensionless parameters , , and for the studied films are summarized in Table I . AFM images of the ablated spots on all three studied films obtained with the irradiated spot diameter of 5.6 m are shown in Fig. 2 . The energy density at the films was 2.5 J/cm 2 for the Si/silica and TiO 2 -SiO 2 /glass samples and 2.1 J/cm 2 for the Al/glass film. In all cases we set the energy at the smallest value, which results in a reproducible fabrication of a smallest possible hole.
In conclusion, we report on a phenomenon, superresolution, in laser ablation of thin films. Holes formed in a film at fluences of 10%-20% above the ablation threshold for single laser pulses were observed to be eight times smaller than the diameter of the irradiated spots. Comparison of the results obtained with metallic, semiconductor, and dielectric films in a wide range of the irradiated spot sizes indicates that a 2D pattern of heat dissipation is responsible for observed super-resolution. Our experiments demonstrate that an effective choice of materials with good thermal conductivity, laser fluence, and processing geometry would allow for a substantial reduction of the size of the ablated spot.
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